The involvement of FSH and triiodothyronine (T 3) in circadian clocks was investigated using immature granulosa cells of ovaries during the progress of cell maturation. Granulosa cells were prepared from preantral follicles of mouse Period2 (Per2)-dLuc reporter gene transgenic rats injected subcutaneously with the synthetic nonsteroidal estrogen diethylstilbestrol. Analysis of the cellular clock of the immature granulosa cells was performed partly using a serum-free culture system. Several bioluminescence oscillations of Per2-dLuc promoter activity were generated in the presence of FSH ϩ fetal bovine serum, but not in the presence of either FSH or serum. As revealed by bioluminescence recording and analysis of clock gene expression, the granulosa cells lack the functional cellular clock at the immature stage, although Lhr was greatly expressed during the period of cell maturation. The granulosa cells gained a strong circadian rhythm of bioluminescence during stimulation with FSH, whereas LH reset the cellular clock of matured granulosa cells. During strong circadian rhythms of clock genes, the Star gene showed significant expression in matured granulosa cells. In contrast, T 3 showed an inhibitory effect on the development of the functional cellular clock during the period of cell maturation. These results indicate that FSH provides a cue for the development of the functional cellular clock of the immature granulosa cells, and T3 blocks the development of the cellular clock.
IN MAMMALS, OVARIAN FOLLICLES MANIFEST in different stages of development: the primordial, primary, secondary, secondaryvesicular, and mature stages. FSH and LH influence immature and mature granulosa cells, respectively, and this influence promotes proliferation and maturation of the follicular cells and the synthesis of sex steroid hormones. The cellular clock may contribute to the progress of ovarian growth, via fluctuating hormones. This contribution by the cellular clock may be due to the finding that the clock genes, such as Period1-2 (Per1-2), are differently expressed in ovarian cells (21, 36) . The Per2 gene may be regulated by various hormones in particular, because many regulatory elements are located in the 5= flanking region of the Per2 promoter, including steroid hormone response element-half sites and the cAMP response element, as well as E-box and D-box elements.
The clock system generates circadian changes in cellular functions via identified transcriptional and posttranscriptional regulatory processes. The cellular clock components CLOCK and BMAL1 bind to the E-box enhancer and positively drive expression of the Per genes and the Cryptochrome genes (Cry1-2) (45, 53) . Further adding to the complexity, CLOCK-BMAL1 heterodimers induce expression of a nuclear orphan receptor, Rev-erb␣, resulting in the repression of the transcription of Bmal1 through direct binding to the Rev-erb␣ response element (RRE), located in the Bmal1 promoter (3, 11) . The phosphorylated PER-CRY complexes translocate to the nucleus and repress the activity of CLOCK-BMAL1 heterodimers. Over several hours, a number of PER-CRY complexes are degraded, and eventually the CLOCK-BMAL1 heterodimers are released from feedback inhibition. These oscillations persist, or free run, under constant conditions, indicating the presence of a self-sustaining clock. These clockdriven events recur approximately, but not precisely, every 24 h (5). The peripheral rhythms, synchronized by the central clock, control the expression of downstream clock-controlled genes in tissue-specific relationships (1, 58) .
The transcriptional-translational feedback loop consisting of clock genes elicits the circadian rhythms in differentiated somatic cells (40) . BMAL1-deficient embryonic fibroblast cells and BMAL1-knockdown 3T3-L1 cells fail to differentiate into adipocytes (41) . The expression of Rev-erb␣ gene is transcriptionally upregulated during adipocyte differentiation (12) . The circadian system consisting of clock genes is also disrupted in differentiating cells of rat ovaries and uteri (22) . On the other hand, the molecular oscillations underlying the generation of circadian rhythmicity in mammals develop gradually during ontogenesis. It was recently observed that mouse embryonic stem (ES) cells lack circadian rhythms, but circadian clock oscillation is induced during the differentiation of the ES cells (56) . Although numerous studies have reported the expression of clock genes in reproductive tissues, including the ovary (13, 17, 21, 27, 31, 43, 49) , the physiological function of clock genes in the reproductive system remains largely unknown. Previous studies demonstrated reproductive dysfunctions in Bmal1 Ϫ/Ϫ mice (39) and Clock mutant mice (14) . Our previous findings strongly suggest that the rhythmic expression of the Bmal1 gene, but not the Per2 gene, is very weak in granulosa cells compared with that in luteal cells (13, 22) . However, there is little literature concerning the hormonal regulation of circadian clock gene expression during maturation of ovarian granulosa cells.
It is well known that both hypothyroidism and hyperthyroidism result in suppressed ovarian function through alteration of pituitary gonadotropin secretion (16, 46, 55) . Adequate levels of circulating thyroid hormone are of primary importance for normal female reproductive functions. The thyroid hormone triiodothyronine (T 3 ), acting via nuclear receptors, is involved in the regulation of the pituitary-ovarian axis and processes associated with follicullar growth and maturation (42) . On the other hand, it has been shown that T 3 has direct action on granulosa cells and luteal cells (54) . T 3 modulates FSH and LH action on steroidogenesis in porcine (33) and human (18) granulosa cells. FSH increased the level of aromatase gene expression in cultured granulosa cells, but this stimulation was completely abolished by the addition of T 3 (42) . We suspected that T 3 might serve as a potent cue in the regulation of the cellular clock at the ovary level, under the synchronization by the central clock, through the effect of FSH on immature granulosa cells.
In the present study, we extended our recent investigations to explore the possible contributions of FSH and T 3 to the development of circadian clocks during the maturation of rat immature granulosa cells. However, a variety of factors, including FGF, insulin, and fetal bovine serum (FBS), have been revealed to have the potential to reset circadian rhythms in peripheral cells (2, 9, 10, 23, 50) . All these factors can induce an acute activation of clock genes and thus synchronize or reset the circadian rhythms in cultured cells. We therefore used a culture of immature granulosa cells in a serum-free medium to eliminate the contribution of these resetting factors to circadian rhythms. A real-time monitoring system of gene expression was employed to evaluate the circadian clocks using transgenic rats constructed with mouse Per2 promoter-destabilized luciferase (Per2-dLuc) reporter gene (52) . The transcript levels of clock genes were measured by quantitative real-time PCR. (52) . Per2-dLuc transgenic rats were generated in accordance with the methods described in the patent publication no. WO/2002/081682 (Y. S. New Technology Institute, Utsunomiya, Japan). Transgenic and normal rats were maintained under a 12:12-h light-dark cycle (zeitgeber time, ZT0: 0800 light on; ZT12: 2000 light off) with water and food ad libitum.
MATERIALS AND METHODS

Animals
Culture of ovarian granulosa cells. The granulosa cells were prepared as in our earlier study (19) , with minor modifications. Immature female rats (21-23 days of age) were injected subcutaneously with 1 mg of diethylstilbestrol (DES, Sigma Chemical, St. Louis, MO) for 3 days, and granulosa cells from preantral follicles were collected at ZT2 on day 4. Ovaries were incubated in DMEM-F12 (Invitrogen, Carlsbad, CA) containing 6 mM EGTA for 15-30 min and then in DMEM-F12 containing 0.5 M sucrose for 10 -20 min at 37°C. Granulosa cells were harvested by puncturing the follicles with a 27-gauge needle and seeded in a 35-mm collagen-coated dish (Iwaki, Tokyo, Japan) at 1 ϫ 10 6 cells/dish with 2 ml of DMEM-F12 containing 15 mM HEPES, 0.1% BSA, and 1ϫ penicillin-streptomycin (PS, Invitrogen). They were cultured for indicated times at 37°C in 5% CO2-95% air.
Real-time monitoring of bioluminescence oscillations. The granulosa cells were subjected to real-time monitoring of bioluminescence oscillations of the Per2-dLuc activity in DMEM-F12 containing 15 mM HEPES, 0.1 mM luciferin (Wako, Tokyo, Japan), 0.1% BSA, and 1ϫ PS. In some experiments, bioluminescence recording was performed in the presence of 5% (vol/vol) charcoal-treated FBS in which steroid hormones were free. Luciferase activity was chronologically monitored at 37°C in 5% CO 2-95% air with a Kronos Dio AB-2550 luminometer (ATTO, Tokyo, Japan) interfaced to a computer for continuous data acquisition, as described (20, 24) . Bioluminescence records were detrended from the raw data (57) . The cycle time and amplitude were calculated from the first to the third peaks of oscillations.
Hormonal treatment and RNA sampling. The granulosa cells were subjected to bioluminescence recording and RNA isolation in the presence or absence of 100 ng/ml ovine FSH (NIH-oFSH-S16, supplied by Dr. A. F. Parlow, Harbor-UCLA Medical Center, Torrance, CA) and 100 nM T 3 for 2-4 days in the serum-free medium. During or after cell maturation induced by FSH, cells were washed with culture medium, reset with 100 nM dexamethasone (Sigma Chemical) for 2 h, and then subjected to further analysis of the circadian amplitude of bioluminescence oscillation and gene expression. The RNA samples were prepared at indicated time points during bioluminescence recording.
Quantitative real-time PCR. Cultured cells were harvested at the indicated times, and total RNA was isolated using an RNeasy Mini kit (Qiagen) according to the manufacturer's protocol. RNA samples were treated with RNase-free DNase I (Qiagen). The RNA concentration was determined by 260/280 UV spectrophotometry (A 260/280 ratios Ͼ 1.9), and RNA integrity was assessed by agarose gel electrophoresis. An aliquot of total RNA (0.6 g) was reverse transcribed in a 60-l reaction volume using a High Capacity Reverse Transcription kit (Applied Biosystems, Carlsbad, CA). Primer sets used for qPCR are listed in Table 1 . PCR was performed in a 15-l volume containing a 30-ng cDNA sample in Master SYBR Green I mixture (Roche Diagnostics) and 0.5 M specific primers with a Mx3000P Real-Time qPCR System (Stratagene, Santa Clara, CA) using the parameters recommended by the manufacturer (95°C for 10 min, 40 cycles of 95°C for 15 s and 60°C for 1 min, and a dissociation stage of 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s, 60°C for 15 s), as described (13, 51) . All reactions were performed in triplicate and displayed amplification efficiency between 80 and 120%. Relative quantification of each mRNA was done using the comparative quantity (copies) method creating standard curves. The quantity for each sample was normalized to Gapdh, which was not modified in the process of cell maturation (Fig. 1) .
Statistics. Data are expressed as means Ϯ SE of at least three separate experiments, each performed with duplicate samples. A one-way ANOVA was used to determine significant differences between groups, followed by the Student-Newman-Keuls test or Duncan's test using the SigmaPlot software (v. 11.2; Systat Software, San Jose, CA). P values of Ͻ0.05 were considered significant.
RESULTS
Effects of FBS on maturation and bioluminescence rhythms in immature granulosa cells.
In immature granulosa cells subjected to bioluminescence rhythm monitoring immediately after cell preparation, several oscillations were detected in the presence of FBS following the addition of 100 ng/ml FSH (Fig. 2C) . In the absence of FBS, however, a small peak of bioluminescence was observed ϳ30 h after the addition of FSH, and thereafter the bioluminescence increased linearly. Cyclic bioluminescence rhythms were never generated in the presence of either serum or FSH (Fig. 2, A and B) . The first peak time was not different between FSH and FSH ϩ FBS additions (Fig. 2D) .
The cycle time induced by FSH ϩ FBS was 27.34 Ϯ 0.99 h (mean Ϯ SE, n ϭ 3; Fig. 2E ). In contrast, expression of the Lhr and Star genes, marker genes of granulosa cell maturation, was not significantly influenced in the presence of serum (Fig. 2F) .
Analysis of clock gene expression during the period of cell maturation. The role of FSH in the stimulation of the circadian clockwork system was analyzed during the period of cell maturation in the serum-free medium. Clock gene transcripts known to comprise the core oscillator (Bmal1, Clock, Per1, Per2, Rev-erb␣) as well as a clock-controlled gene, Star, and maturation marker genes Lhr and Tgf␤ were measured. The results are presented in Fig. 3 . The expression of the Lhr gene displayed a time-dependent increase from 24 to 48 h. The expression of the Tgf␤ gene was weak but showed significant changes over the 24-h sampling period. However, no significant change of the Star gene was observed, although the transcript level was high. In contrast, the Per1, Per2, and Clock genes were not significantly expressed during the FSH-induced maturation process (P Ͼ 0.05). Other clock genes (Bmal1, Rev-erb␣) were significantly changed with a peak at 39 h, respectively.
Development of circadian rhythms in immature granulosa cells during the period of cell maturation in serum-free medium. The development of circadian rhythms was evaluated during the period of cell maturation in a serum-free medium.
Here, an experiment system that mimicked the maturation process tracked the circadian rhythms in the presence of FSH. As shown earlier (Fig. 1) , no or very small oscillation was detected in detrended bioluminescence (Fig. 4A ). In addition, no significant oscillation was observed following dexamethasone synchronization as a positive group. In immature granulosa cells treated with FSH for 2 days; however, several bioluminescence oscillations were clearly generated through 60 h by synchronization with dexamethasone (amplitude: 3,019 Ϯ 456, n ϭ 3) or continuous stimulation with LH (2,141 Ϯ 55, n ϭ 3) (Fig. 4B ). There was no significant difference in cycle time between the dexamethasone and LH groups (Fig. 4C) .
Analysis of clock gene expression in matured granulosa cells. The expression of clock genes was analyzed in the matured granulosa cells that were transformed from the immature cells by treatment with FSH for 2 days. The clock system was synchronized with dexamethasone to measure the transcript levels of Lhr, Tgf␤, Star, and the core clock genes. The results are presented in Fig. 5 . The expression of the genes Lhr and Star was significant in circadian changes over the sampling period, although their expression was very low compared with the maturation process of immature granulosa cells. Tgf␤ transcript levels did not show any significant change over the 24-h period. In contrast, the transcript levels of Per1, Per2, Bmal1, and Rev-erb␣ showed significant circadian changes over the sampling period (P Ͻ 0.05). Clock transcript levels showed no significant circadian change.
T 3 inhibition of bioluminescence activity in immature granulosa cells during the period of cell maturation. The effect of T 3 on the expression of Lhr and clock genes was evaluated during granulosa cell maturation in serum-free medium. Cells were monitored for bioluminescence activity immediately after the addition of FSH or FSH ϩ 100 nM T 3 . The bioluminescence activity gradually increased with the progress of monitoring during FSH stimulation, whereas T 3 significantly suppressed the bioluminescence (P Ͻ 0.05; Fig. 6, A and B) . T 3 did not influence the characteristic morphology of granulosa cells during the period of cell maturation (Fig. 6C) . However, the expression of Lhr gene was significantly inhibited by T 3 (Fig. 6D) . In contrast, the transcript levels of core clock genes Per1, Per2, Bmal1, and Clock were not significantly altered at 72 h after treatment with FSH.
T 3 inhibition of the development of circadian clockwork in immature granulosa cells.
To investigate the possible contribution of T 3 to the development of cellular clockwork in immature granulosa cells, the cells were cultured in the presence of FSH with or without T 3 and then reset with dexamethasone. The bioluminescence rhythms were significantly inhibited in the cells cultured with FSH ϩ T 3 (Fig. 7A) . The amplitudes of the second and third oscillations were significantly decreased by treatment with FSH and T 3 compared with the cells cultured with FSH alone (Fig. 7B) . However, the cycle time was not significantly altered (Fig. 7C) . To investigate the decrease in the second and third oscillations, we further analyzed the expression of core clock genes at indicated time points covering the first to second oscillations. The results are presented in Fig. 7, D and E. The expression of the clock genes was significant in circadian changes in the first oscillation, with significant peaks of Bmal1 and Clock gene expression. However, all of the clock genes were not significant in the second oscillation.
DISCUSSION
The present results as revealed by the analysis of bioluminescence clearly demonstrated that the cellular clock was much more active in matured granulosa cells than in immature granulosa cells. FBS contains various hormones or bioactive Fig. 4 . Development of bioluminescence rhythms in immature granulosa cells during the period of cell maturation. A: immature granulosa cells were prepared and plated to the collagen-coated dish in serum-free medium containing 0.1 mM luciferin (time: 0 h) and immediately subjected to bioluminescence recording in 5% CO2-95% air. Bioluminescence recording was performed in the presence of 100 ng/ml FSH (black line). Immature granulosa cells were also treated for 2 h with 100 nM dexamethasone (DXM), dissolved in absolute ethanol that was diluted in serum-free medium, and washed twice with serum-free medium by centrifugation at 100 g for 5 min. After synchronization with dexamethasone, 10 6 cells were plated to the collagen-coated dish, and bioluminescence was recorded (red line). B: following treatment of immature granulosa cells with FSH for 2 days, bioluminescence recording was started in the presence of 100 ng/ml LH (black line) (time: 0 h). Cultured granulosa cells were also synchronized for 2 h with 100 nM dexamethasone and washed twice with serum-free medium, and then bioluminescence was recorded (red line) (time: 0 h). Bioluminescence records were detrended from the raw data. C: cycle times in granulosa cells treated with dexamethasone and LH. Data are means Ϯ SE of 3 independent determinations. Fig. 5 . Expression of clock genes in matured granulosa cells. Immature granulosa cells were prepared and plated to the collagen-coated dish with 100 ng/ml FSH for 2 days in serum-free medium. Cultured granulosa cells were then synchronized for 2 h with 100 nM dexamethasone and washed twice with serum-free medium. Then, bioluminescence recording was initiated for monitoring (time: 0 h), and RNA samples were collected at indicated time points (17-37 h) covering the first oscillation. Data are means Ϯ SE of 3 independent determinations. One-way ANOVA was used to determine significant differences among each value; values with different letters are significantly different (P Ͻ 0.05).
substances such as growth factors, allowing for versatility in many different cell culture applications. These substances may disturb and enhance the real activity induced by other signal stimuli in vitro, especially in serum shock (8, 26) . Regarding immature granulosa cells, our present findings indicate that some substances contained in FBS cooperate with FSH to generate the circadian bioluminescence rhythm in such cells (Fig. 2) . A single oscillation was generated in the presence of either serum or FSH, but cyclic bioluminescence rhythms or continuous multiple oscillations were never generated. If the transcriptional-translational feedback loop consisting of clock genes were functional, continuous multiple oscillations could be detected after synchronizing with serum or FSH. Interestingly, several oscillations were detected in the presence of FBS following the addition of FSH. With this finding it seems that the immature granulosa cells were accelerated to gain the ability of cell-autonomous circadian oscillation in the presence of serum.
On the basis of our present understanding of hormonal regulation of the development of the cellular clock, we cultured immature granulosa cells with FSH and then LH or synchronized with dexamethasone, using a culture system in serumfree medium to delete stimulation from elements in serum in vitro. Our data suggest that the immature granulosa cells prepared from rat preantral follicles display no or a small circadian change of clock genes during the period of cell maturation (Fig. 3) . On the other hand, it is known that both Per1 and Per2 play critical roles in the generation of circadian rhythm and the resetting mechanism in both central and peripheral oscillators (5, 27, 40) . Per1 mRNA rhythmicity also trends to start earlier than Per2 mRNA rhythmicity (30, 37, 44, 47) . In immature granulosa cells, however, the expression of clock genes such as Per1, Per2, Bmal1, Clock, and Rev-erb␣ did not show strong and clear changes during a 24-h cycle. Per1, Per2, and Clock genes were not significantly changed during the maturation process. In contrast, the transcripts of Bmal1 and Rev-erb␣ genes were significantly expressed. Bioluminescence also showed no circadian oscillation after dexamethasone synchronization (Fig. 4) . These findings indicate that granulosa cells lack the functional circadian clockwork at the immature stage. Similar findings were also obtained in early mammalian embryos (7, 48) . Interestingly, the granulosa cells gained a strong circadian rhythm of bioluminescence during stimulation with FSH. Like the bioluminescence data, Per1, Per2, and Bmal1 genes were significantly expressed after dexamethasone synchronization. It appears, therefore, that in immature granulosa cells FSH provides a "cue" to develop the functional cellular clock.
The present findings support the finding of a recent paper (56) that a self-sustaining circadian oscillator is generated in mouse ES cells during in vitro differentiation. However, the signals for the development of the functional cellular clock in ES cells remain unknown. Our present data show that LH could synchronize the bioluminescence rhythms of matured granulosa cells (Fig. 4) . Thus, LH may play a critical role in the synchronization of a functional cellular clock in mature granulosa cells of preovulatory follicles. This result supports the finding of Ref. 27 that human chorionic gonadotropin (CG) resets a circadian rhythm of the Per2 and Bmal1 transcripts in equine CG-primed ovaries of hypophysectomized rats.
It is well known that T 3 is an important regulator of growth, metabolism, and differentiation (59) . In ovary, T 3 has direct action on granulosa cells and luteal cells (54) . Thyroid hormones synergize with FSH to exert direct stimulatory effects on porcine granulosa cell functions, including morphological differentiation, LH receptor formation, and steroidogenic enzyme induction (29, 30) . More recently, it was reported using cultured preantral follicles that T 3 markedly enhances FSHinduced preantral follicular growth through an increase in the expression and action of oocyte-derived growth differentiation factor 9 (GDF-9) (28) . In the present study, using a serum-free culture system of granulosa cells from preantral follicles, T 3 caused significant downregulation of FSH-induced Lhr gene, although morphological differentiation was not influenced. This discrepancy may result from differences in culture conditions and cellular stages of granulosa cells. Here, we focused on the contribution of T 3 to the development of a functional cellular clock during the period of cell maturation. Since both Bmal1 and Clock genes have crucial roles in the circadian clockwork, we speculated that alteration of Bmal1 and Clock gene expression causes down-or upregulation of Per genes and clock-controlled genes. Here, we detected suppressed bioluminescence in the presence of T 3 at the latter stage of cell maturation. However, clock genes, including Per1, Per2, Bmal1, and Clock, but not Lhr, were not altered. On the other hand, the granulosa cells seemed to be influenced by the development of the functional cellular clock following treatment with T 3 , because the amplitude of bioluminescence in the matured granulosa cells was suppressed, especially after the second phase (Fig. 7) . Like the bioluminescence data, altered expression of some clock genes was observed in the first phase but not in the second phase. This finding indicates that the expression of Bmal1 and Clock genes in the first phase does not result in Per2 and Rev-erb␣ gene expression. These results suggest that T 3 has an inhibitory effect on the development of a functional cellular clock during the period of cell maturation without significant downregulation of clock gene expression. The underlying molecular mechanism merits further investigation. Fig. 7 . Inhibitory effect of T3 on development of a functional cellular clock in immature granulosa cells during the period of cell maturation. Immature granulosa cells were plated to the collagen-coated dish and cultured with 100 ng/ml FSH or FSH ϩ 100 nM T3 for 2 days in serum-free medium. Cultured granulosa cells were then synchronized for 2 h with 100 nM dexamethasone and washed twice with serum-free medium. A: bioluminescence recording was performed after synchronizing with dexamethasone (time 0). Amplitudes of 3 oscillations (1-3; B) and cycle times (C) in 2 groups. RNA samples from cells pretreated with FSH ϩ T3 were collected at indicated time points covering the first (D) to second (E) oscillations (17-35 h and 38 -56 h, respectively) and then used for real-time qPCR analysis of clock gene expression. Data are means Ϯ SE of 3 independent determinations. *P Ͻ 0.05 vs. FSH group. One-way ANOVA was used to determine significant differences among each value; values with different letters and asterisk are significantly different (P Ͻ 0.05).
A transport protein, StAR, regulates the movement of cholesterol into the mitochondria in a rate-limiting step to produce steroid hormones, and the Star gene was recently identified as a clock-controlled gene (6) . In the present study, Star also showed significant expression when circadian clock genes, especially Bmal1, Per1, and Per2, displayed significant circadian changes after dexamethasone synchronization (Fig. 4) . In contrast, Star was not significantly changed in immature granulosa cells during the period of cell maturation (Fig. 3) . A direct effect of the BMAL1 protein on Star expression was found in Leydig cells (6) , and a similar finding was also obtained in the preovulatory follicles of Japanese quail (36) . A previous study using a fibroblast cell line showed that TGF␤ evoked the resetting of the cellular clock independently of Per expression (29) . However, we did not find the circadian linkage between the circadian system and Tgf␤ expression during the period of cell maturation, although Tgf␤ was expressed.
Specific roles of the clock genes in peripheral tissues have been demonstrated (34) . Dissecting the roles of clock genes in peripheral tissues may lead to new insights into this critical but poorly understood process. Circadian clock genes are rhythmically expressed in various peripheral tissues, including liver, muscle, kidney, heart, ovary, and uterus (9, 15, 21, 24, 38) . The molecular oscillations underlying the generation of circadian rhythmicity in mammals develop gradually during ontogenesis (46) . In differentiated somatic cells, the transcriptional-translational feedback loops consisting of clock genes elicit the molecular circadian oscillation (40) . In immature and mature granulosa cells, the circadian system, consisting of clock genes, elicits the molecular circadian oscillation upon stimulation with FSH and LH, respectively (21) .
In conclusion, our present findings, obtained using a serum-free culture system, have demonstrated the following. 1) Granulosa cells lack the functional cellular clock at the immature stage, although the Lhr gene is greatly expressed during the period of cell maturation. 2) FSH provides a cue for the development of the functional cellular clock in immature granulosa cells, whereas LH synchronizes the cellular clock of matured granulosa cells.
3) The Star gene shows significant expression in matured granulosa cells when circadian clock genes display significant circadian changes. 4) T 3 shows an inhibitory effect on the development of the functional cellular clock during the period of cell maturation. In sum, our results indicate that the cellular clock develops in tandem with cell maturation.
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